A novel method of online microcolumn separation and preconcentration coupled to inductively coupled plasma atomic emission spectrometry (ICP-AES) with the use of acetylacetone-modified silica gel as packing material was developed for the determination of trace rare earth elements (REEs) in environmental and food samples. The main parameters affecting online separation/preconcentration, including pH, sample flow rate, sample volume, elution and interfering ions, have been investigated in detail. Under the optimized operating conditions, the adsorption capacity values for Sc, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu were 25.65, 23.23, 24.01, 19.40, 22.89, 23.77, 24.40, 23.96, 25.58, 25.15, 24.86, 22.75, 16.05, 24.13, 26.51 and 27.93 mg g -1 , respectively. Detection limits (3σ) based on three times standard deviations of the blanks by 8 replicates were in the range from 48 pg mL -1 for Lu to 1003 pg mL -1 for Sm. With 90 s preconcentration time and 10 s elution time, the enrichment factor was 10 and the sample frequency was 28 h -1 . The precisions (RSDs) obtained by determination of a 250 ng mL -1 (n = 8) REEs standard solution were in the range from 1.7% for Y to 4.4% for Sm. The proposed method was successfully applied to the determination of trace REEs in pig liver, agaric and mushroom. To validate the proposed method, we analyzed three certified reference materials (GBW07401 soil, GBW07301a sediment, and GBW07605 tea leaves). The determined values were in a good agreement with the certified values. The method is rapid, selective, sensitive and applicable to the determination of trace REEs in biological and environmental samples with complicated matrix effects.
Introduction
Rare earth elements (REEs) are of great interest because of their specific characteristics. Their uses are widespread in several areas, such as functional materials, agriculture, catalysts, and other products in industry. As a result of their usage, more and more REEs are getting into the environment, accumulating in organisms, and entering into the food chain, 1 which has resulted in an increase in the exposure to REEs and in the dietary intake of REEs. Plants can easily assimilate the soluble extracts of REEs in soil. Thus, determination of REEs in environmental and biological samples becomes increasingly significant, and some techniques have been described recently. [2] [3] [4] Inductively coupled plasma atomic emission spectrometry (ICP-AES) is the most used technique in the determination of trace REEs because of the capability for rapid multi-element detection over a wide concentration range with relatively low detection limits. [5] [6] [7] Compared to other techniques such as neutron activate analysis (NAA) 8 or inductively coupled plasma mass spectrometry (ICP-MS), 9, 10 ICP-AES is relatively inexpensive. However, the low level of REEs in samples is not compatible with detection limits exhibited by this technique, and major constituents, such as organic compounds and inorganic salts, may cause some matrix effects. In order to achieve accurate and reliable results, one usually requires an efficient preconcentration of REEs and the separation of them from the matrix.
The widely used techniques for the separation and preconcentration of trace REEs include liquid-liquid extraction (LLE), 11 HPLC, 12,13 coprecipitation 14 and solid phase extraction (SPE). 7, 15, 16 The use of online microcolumn separation and preconcentration expands the potential of the ICP-AES method for trace REEs analysis. Compared with traditional extraction technologies, it is simple, fast, inexpensive and less polluting to the environment and can easily be automated. However, it should be stressed that the microcolumn packing materials (adsorption materials) in FI-microcolumn-ICP-AES play a key role in improving the analytical performance of the whole method.
Many adsorption materials, such as titania, 7, 17 alumina, 18 chelating resins, 19 C18-bonded silica gel 20 and modified silica gel 21, 22 have already been explored for separation and preconcentration of trace elements.
Among the different adsorbents, silica gel especially immobilized with various organic compounds with metal chelating ability has received great attention. Modified silica gel has valuable properties that include good selectivity, high mass-exchange characteristics and good mechanical stability. Immobilization of organic functional groups on a siliceous surface has been successfully employed to produce varieties of modified silica gel. In this process, an organic reagent or a synthesized organic molecule containing the desired organic functional group is directly attached to the support, or to the original chain bonded to the support via a sequence of reactions to increase the main chain, where other basic centers can be added to ensure the enhancement of a specific adsorption.
Based on the hard-soft acid-base theory, 23 chemically stable metal chelates can be formed between REEs and β-diketone reagents (such as acetylacetone, trifluoroacetylacetone and hexafluoroacetylacetone) under suitable experimental conditions. These reagents, as derivatization reagents, have been successfully applied in GC separation and determination systems. 24, 25 However, to the best of our knowledge, there are few reports on the use of β-diketone-modified silica gel (through covalent grafting) to separate and preconcentrate of trace REEs.
The aim of the present research was to prepare a new solid extraction material of acetylacetone-modified silica gel (ACACSG) and to use it as microcolumn packing material to develop a rapid and effective separation/preconcentration method for online microcolumn separation/determination coupled with ICP-AES determination of trace REEs in environmental and biological samples.
Experimental

Instrumentation
An Intrepid XSP Rasial ICP-AES instrument (Thermo, USA) with a concentric nebulizer and a cinnabar model spray chamber was used for the determination. The optimum operation conditions are summarized in Table 1 . The modified silica gel was characterized by 170SX FT-IR (Nicolet, USA), the pH values were controlled with a Mettler Toledo 320-S pH meter (Mettler Toledo Instruments Co. Ltd., Shanghai, China) supplied with a combined electrode. An IFIS-C flow injection system (Ruimai Tech. Co. Ltd., Xi'an, China) and a self-made PTFE microcolumn (20 mm × 3.0 mm i.d.) packed with modified silica gel were used in the online separation/preconcentration process.
Standard solution and reagents
Acetylacetone was purchased from XiLong Chemical Factory (A. R., Guangxi, China). The REEs stock solutions (1 mg mL -1 ) were prepared by dissolving the appropriate amount of their oxides (Sc, Y, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Ho, Er, Tm, Yb and Lu) or nitrates (La and Dy) (Shanghai Reagent Factory, Shanghai, China) in 1:1 (v/v) HNO3, respectively, and diluted with 2% (v/v) HNO3 (CeO2 was dissolved by adding several drops of H2O2). The oxides or nitrates employed were of super pure grade. Standard solutions and test solutions were obtained by diluting the stock solution with 2% (v/v) HNO3. The stock solutions of interfering elements (K + , Na + , Ca 2+ , Mg 2+ , Fe 3+ , Zn 2+ and Al 3+ ) were prepared from their analytical reagents by dissolving KCl, NaCl and CaCl2, Mg(NO3)2, Fe(NO3)3, ZnCl2, Al(NO3)3 (A. R., Shanghai Reagent Factory) in high purity deionized water and 2% (w/v) hydrochloric acid, respectively. The stock solutions of interfering anion (H2PO4 -, Cl -, SiO3 2-, NO3 -or SO4 2-) were prepared from their analytical reagents by dissolving NH4H2PO4, NH4Cl, Na2SiO3, NaNO3 or NH4SO4 in high purity deionized water. All stock standard solutions were stored in polyethylene bottles in a refrigerator held at 4˚C. All glassware was kept in 10% nitric acid for at least 24 h and washed three times with high purity deionized water before use. The pH of the solution was adjusted using the following buffers: hydrochloric acid for pH 1, sodium acetate/hydrochloric acid for pH 2 -3, and sodium acetate/acetic acid for pH 4 -8. The high purity deionized water was used throughout the experiment.
Synthesis of ACACSG
The commercially available silica gel (80 -120 mesh size), was activated by refluxing it with l:1 hydrochloric acid for 8 h. It was filtered, washed with doubly distilled water until free from acid, dried in a furnace at 393 K for 12 h and finally degassed at 373 K under vacuum for 8 h.
The activated silica gel (30 g) was suspended in 100 mL solution of (3-aminopropyl)triethoxysilane made in dry toluene (10% v/v). The mixture was refluxed with stirring for 12 h in nitrogen atmosphere. The slurry was filtered and the resulting aminopropyl silica gel was washed successively with toluene, ethanol and acetone. It was then dried and degassed at 373 K under vacuum for 8 h.
The aminopropyl silica gel (10 g) was treated with acetylacetone (1 g) dissolved in 30 mL of methanol with constant stirring and refluxing for 12 h. The contents were cooled to room temperature and the resulting product was filtered off and washed with methanol several times. The adsorbent was placed in a Soxhlet extractor and extracted with 95% methanol in order to dissolve the free acetylacetone. The yellow adsorbent was dried at 323 K in vacuum for 8 h and preserved in brown bottles for later use. The scheme of the reaction is shown in Fig. 1 .
Microcolumn preparation
A total of 40 mg of ACACSG was inserted into a PTFE microcolumn (20 mm × 3.0 mm i.d.) plugged with a small portion of glass-wool at both ends. Before use, methanol and high purity deionized water were passed through the column in sequence in order to clean it. The column was next conditioned to the desired pH with buffer solution.
General procedure
The operation sequence of the FI microcolumn preconcentration and ICP-AES determination is shown in Fig. 2 .
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ANALYTICAL SCIENCES AUGUST 2007, VOL. 23 In preconcentration step, pump P1 was activated, so that the sample was drawn through the column. In elution step, pump P2 was activated, so that the eluent was propelled through the column in the opposite direction. In this instance, the continuous impact on the sorbent could be avoided. Then, the eluting solution was introduced into the ICP-AES for determination. The blank solution and the series of standard solutions were prepared with the same procedure.
Sample preparation
For microwave digestion of two certified reference materials of GBW07401 soil and GBW07301a sediment (both provided by the Institute of Geophysical and Geochemical Prospecting, Langfang, China), 0.2000 g of GBW07401 (GSS-1) and GBW07301a were each weighed and put into PTFE digestion vessels. After adding 5 mL of HNO3 and 2 mL of HF, we capped the vessel and shook it for 3 min to allow thorough mixing of the sample and acids. The vessel was then placed on the turntable. The microwave system was operated for 2 min at 8 atm and 600 W; 3 min at 12 atm and 800 W; 8 min at 16 atm and 800 W, 26 and the vessel was cooled in air to room temperature. After digestion, clear solution could be observed. Then we heated it to very small volume by a plate heater to remove the superfluous acid, the residue was next dissolved with high purity deionized water and transferred into 25 mL of flask; the contents were adjusted to pH 6.0 and diluted to calibration with high purity deionized water for analysis. A blank sample with the same amount of acid was prepared with the same procedure except for adding no analytes.
Portions (0.4000 g) of GBW07605 tea leaves were weighed and put into PTFE digestion vessel. After 6 mL of HNO3 was added, the vessel was capped and shaken for 3 min to allow thorough mixing of the sample and acids. The vessel was then placed on the turntable. The microwave digestion processes and the operation are the same as above. The blank sample with the same amount of acid was prepared with the same procedure except for adding no analytes.
Pig liver, agaric and mushroom are three kinds of food sold in our supermarket. We think these organisms may accumulate REEs in local soil and thus enter our bodies though food chains. Pig liver, agaric and mushroom purchased from a local supermarket were frozen in a refrigerator at 4˚C before analysis. After the samples were washed with high purity deionized water and airing, they were dried at 80˚C for 3 h. Pig liver was cut into pieces, agaric and mushroom were smashed in succession and dried at 105˚C till constant weight. The percentage of dry weight/fresh weight was calculated for analysis. A 0.5000-g portion of the samples (pig liver, agaric and mushroom) was weighed and put into a PTFE digestion vessel. After 6 ml of HNO3 was added, the vessel was capped and shaken for 3 min to allow thorough mixing of the sample and acids. The other operation is the same as above. The blank sample with the same amount of acid was prepared using the same procedure except for adding no analytes.
Results and Discussion
Characterization of ACACSG by DRIFT-IR spectroscopy
From the DRIFT-IR spectra shown in Fig. 3 , it can be seen that the spectral band at 1716.07 cm -1 corresponds to the stretching frequency of C=O, which indicates that acetylacetone has been successfully immobilized to silica gel surface.
Effect of pH
The adsorption behaviors of all the 16 REEs on ACACSG were investigated with the microcolumn operation mode. Figure 4 shows the dependence of adsorption percentages of tested ions on the pH with Sc, La, Eu, Dy, Yb and Lu selected as model analytes. It can be seen that the adsorption percentages of the analytes increased with the increase of pH from 1.0 to 6.0. The maximum adsorption percentages were obtained at pH 6.0 and the value remained with the pH increase from 6.0 to 8.0. Thus, a pH value of 6.0 was selected for the separation and preconcentration of REEs.
Two possible mechanisms could be used for the explanation of the adsorption of the REEs on ACACSG. First, REEs were adsorbed through the affinity of =O of acetylacetone. Second, the REEs were adsorbed on ACACSG by electrostatic action between REEs and the charge on silica gel surface. In the acidic medium, the first mechanism plays a dominating role. When the pH increases, the -OH on the surface of silica gel provides the ability of binding cation. Both mechanisms work and so the adsorption of REEs onto ACACSG increases quickly. Figure 4 indicates that the adsorption of cations at pH < 2 could be negligible. For this reason, various concentrations of HCl were studied for the desorption of adsorbed REEs. The results indicated that 0.5 mol L -1 HCl was sufficient for complete elution, what is more, ACACSG can withstand as high as 4 mol L -1 HCl with a satisfactory recovery. In this work, 1 mol L -1 HCl was chosen as eluent.
The optimization of elution conditions
The effect of elution volume for quantitative elution of the studied ions was investigated from 0.1 to 0.5 mL. It was found that 0.3 mL of elution solution containing 1 mol L -1 HCl was sufficient to recover analytes quantitatively.
The effect of elution flow rate on recovery of analytes was investigated by keeping the elution volume of 0.3 mL 1 mol L -1 HCl. The result shows that the analytes can be recovered quantitatively at flow rate range of 0.5 -2.0 mL min -1 . Hence, an elution flow rate of 2.0 mL min -1 was selected in this experiment.
Sample flow rate and sample volume
The sample flow rate should be optimized to ensure quantitative retention along with minimization of the time required for sample processing. The effect of sample flow rate on the recovery of REEs was studied. Results show that, with the increase in flow rate from 0.5 to 2.5 mL min -1 , the analytes' recoveries decrease slowly, but are still over 95%. In this work, a sample flow rate of 2.0 mL min -1 was selected. In order to investigate the breakthrough volume, we selected the sample solutions of 10, 20, 30, 40 and 50 mL each containing 0.75 μg one of the 16 REEs, and then we operated according to the general procedure. It was found that the analytes could be quantitatively retained when sample volumes were less than 30 mL. To trade off the enrichment factor and analytical speed, we used a sample volume of 3.0 mL for 90 s of extraction and an elution volume of 0.3 mL, so that an enrichment factor of 10 and a sampling frequency of 28 h -1 were obtained in this work.
Effect of coexisting ions
The effects of common coexisting ions on the adsorption of REEs in ACACSG were investigated. In these experiments, solutions of 0.25 μg mL -1 of all the REEs containing the added interfering ions were treated according to the recommended procedure. The tolerance of the coexisting ions is defined as the largest amount making the recovery of the studied elements less than 90%. The results showed that up to 10000 mg L -1 of Na(I) and K(I), 1000 mg L -1 of Ca(II) and Mg(II), 500 mg L -1 of Al(III), 400 mg L -1 of Zn(II), 80 mg L -1 of Fe(III), 10000 mg L -1 of Cl -, 3000 mg L -1 of NO3 -, 1000 mg L -1 SO4 2-and SiO4 2-, 800 mg L -1 of H2PO4 -had no significant interferences on the determination under the selected conditions. These results show that the developed method has a good selectivity and is suitable for the analysis of samples with complicated matrix effects.
Adsorption capacity
The adsorption capacity is an important factor, because it determines how much ACACSG is required to quantitatively concentrate the analytes from a given solution. The capacity study method used was adapted from that recommended by Maquieira et al. 27 Twenty five milliliter aliquots of a series of concentrations (5 -50 mg mL -1 ) were adjusted to the appropriate pH, then preconcentrated and eluted. 28 
Analytical performance
According to the definition of IUPAC, the limits of detection (LODs calculated by 3σ of the blank value) and relative standard deviations (RSDs) of this method are listed in Table 2 . (C = 25 ng mL -1 , n = 8, sample volume = 3 mL). Under the optimum conditions described above, the sampling frequency was 28 h -1 and the enrichment factor was 10. Compared to other online SPE coupled ICP-AES for the determination of REEs in the reported literatures, the sample throughput was much improved, while earlier values were only 10 and 9 h -1 . 6, 29 The regeneration is one of the key factors in evaluating the performance of the adsorption material.
When the concentration of HCl in the eluting agent is 1 mol L -1 , the column packed with ACACSG can be reused more than 80 times, which indicates that the material is highly tolerant to acid.
Validation and applications
In order to establish the validity of the proposed procedure, we applied the method to the determination of the content of REEs in certified reference materials. The results are listed in Table 4 . Only 6 REEs (Y, La, Ce, Nd, Dy and Yb) are found in agaric and mushroom and their distribution is similar (the concentrations of La, Ce and Nd are much higher than those of the other three REEs). Seven REEs were detected in pig liver and the contents of La, Ce and Nd (all are light REEs) are higher than those of the other four REEs. The concentrations of REEs in pig liver are much higher than those in agaric and mushroom. From the above results, it can be concluded that REEs in soil can be adsorbed by organisms such as agaric and mushroom, and then enter human bodies through food chains.
Conclusions
Acetylacetone-modified silica gel (ACACSG) was prepared and used as a solid sorbent to separate and preconcentrate trace REEs prior to their determination by ICP-AES. Compared with conventional sorbents and other modified silica gel, ACACSG shows both great capacities for adsorption and excellent tolerance to complex matrix effects. The proposed method is suitable for fast online determination of REEs in environmental and biological samples with complicated matrix effects.
